We developed a molecular screening procedure using Southern hybridization and polymerase chain reaction (PCR) to identify aldoxime dehydratase (Oxd) encoding genes (oxds) among 14 aldoxime-or nitrile-degrading microorganisms. When an oxd gene of Rhodococcus erythropolis N-771 was used as a probe, positive hybridization signals were seen with the chromosomal DNA of eight strains, suggesting that these strains have similar oxd genes to R. erythoropolis N-771. By analyzing the PCR-amplified fragments with degenerate consensus primers, the occurrence of homologous Oxd coexisting with Fe-containing NHase in the active eight strains was demonstrated coinciding with the results of Southern hybridization. Whole length of oxd gene was cloned as an example from one of the positive strains, Pseudomonas sp. K-9, sequenced, and expressed in E. coli. Analysis of the primary structure of the protein (OxdK) encoded by the oxd gene of Pseudomonas sp. K-9 led to identify an Oxd having a new primary structure. Thus, the PCR-based analysis of oxd gene is a useful tool to detect and analyze the ''aldoxime-nitrile pathway'' in nature, since Oxd is the key enzyme for the pathway.
Introduction
Nitrile compounds, which are extensively used in the chemical industry, are degraded by microorganisms to carboxylic acids by nitrilase (Nit; EC 3.5.5.1) or by combination of nitrile hydratase (NHase; EC 4.2.1.84) and amidase (Ami; EC 3.5.1.4) [1] [2] [3] . Starting from the pioneering research for the first isolation of NHase from R. rhodochrous J-1 [4, 5] , the enzyme has been extensively studied and used for manufacturing acrylamide, nicotinamide, and 5-cyanovaleroamide [1, 6] . NHases are classified into two groups based on the prosthetic metal group, non-heme Fe [NHase(Fe)] or non-corrinoid Co [NHase(Co)] [1] [2] [3] . Despite its important uses, however, the physiological function of NHase in nature remains unclear. We have isolated several microbial aldoxime degraders [1] , which can convert aldoximes, such as pyridine-3-aldoxime and phenylacetaldoxime as a model for aryl-and arylalkyl-aldoximes, respectively, to the corresponding carboxylic acids, from soil samples. The metabolism occurs via intermediate nitrile and involves a combination of enzymes including a novel heme-containing enzyme, aldoxime dehydratase (Oxd; EC 4.99.1.-), and nitrile-hydrolyzing enzymes, such as NHase and Ami, and/or Nit (1, 5, 7) : the pathway could be named as ''aldoxime-nitrile pathway'' (Fig. 1) . From some aldoxime-or nitrile-degraders, Oxds were purified and characterized and the genes (oxd) were cloned, sequenced and overexpressed in E. coli [8] [9] [10] [11] . The oxd genes were linked with genes for Nit and NHase/Ami in the genome of the strains [8] [9] [10] [11] , confirming the genetic relationship of the pathway. Oxds were used for the enzymatic synthesis of nitriles from the corresponding aldoximes [1, 12] . Since Oxd is located upstream of the ''aldoxime-nitrile pathway'' ( Fig. 1) , the enzyme can become the key enzyme for the pathway. It is of our interest to accumulate the genetic information of the pathway from different sources in order to know diversities and evolution of the pathway in nature. The aim of this study is to develop a molecular screening protocol based on Southern hybridization and PCR to rapidly identify genes coding Oxds in several aldoxime-and nitrile-degrading microorganisms, and to study the use of the method as a tool to detect and analyze the pathway.
Materials and methods

Materials
Restriction enzymes and DNA-modifying enzymes were purchased from Takara (Tokyo, Japan), Toyobo (Osaka, Japan), New England Biolabs. (Beverly, MA, USA), Roche (Mannheim, Germany), and MBI Fermentas (Vilnius, Lithuania) and used according to the manufacturersÕ protocols. All other chemicals were from commercial sources and used without further purification.
Bacterial strains, plasmids and culture conditions
Strains used for screening oxd gene were from culture collections (TPU) of our own laboratory [7] and were grown at 30°C in TGY medium consisted of 0.5% yeast extract (Nippon Seiyaku, Tokyo, Japan), 0.5% Bacto Tryptone (Difco, Detroit, WI, USA), 0.1% of K 2 H-PO 4 , and 0.1% D-glucose, pH 7.0. The E. coli strains, JM109 {recA1 endA1 gyrA96 thi hsdR17 supE44 relA1
Þ gal dcm rne131 (DE3)}, were used as hosts. Plasmids pT7-Blue (Novagen, Madison, WI, USA) and pRSETB (Invitrogen, Carlsbad, CA, USA) were used as cloning and expression vectors, respectively. Recombinant E. coli cells were cultured in a Luria-Bertani (LB) medium (1% Bacto Tryptone, 0.5% Bacto yeast extract (Difco), and 1% NaCl, pH 7.5) containing 100 lg ml À1 of ampicillin. Pseudomonas sp. K-9 [13] was used as the source of the DNA to clone whole oxd gene. The partial sequencing of the 16S rDNA fragment (1.6 kbp) of the strain showed 100% identity with that of Pseudomonas synxantha DSM 13080 (GenBank accession no. AF267911).
General recombinant DNA techniques
The plasmid DNA was isolated by a PI-100 Automatic Plasmid Isolation System (Kurabo, Osaka, Japan). The other general procedures were performed as described by Sambrook et al. [14] . The nucleotide sequence was determined with an ABI PRISM 310 automated sequencer (Applied Biosystems, Foster City, CA, USA) using the dideoxy chain termination method. A homology search was performed with the programs FASTA [15] and BLAST [16] , and the ClustalW method [17] was used to align the sequence.
Southern hybridization
Chromosomal DNAs of the strains were extracted by the method as described by Saito and Miura [18] and digested with EcoRI followed by fractionation with a 0.7% agarose gel. The digested DNAs were blotted onto a nylon membrane, GeneScreen Pluse (Dupont, Boston, MA, USA), and the membrane was hybridized with the oxd gene of R. erythropolis N-771 [11] and Bacillus sp. OxB-1 [9] , labelled with the digoxigenin (DIG) system (Roche), at 37-42°C according to the procedure recommended by the manufacturer. Optimum conditions for stringency washing of the blotted DNA were sought by increasing the washing temperature (60-68°C) or by raising the concentrations (0.1-2·) of SSC [14] in a washing solution. The membrane was visualized with alkaline phosphatase-conjugated anti-DIG and nitro blue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) reagents (Roche). 
PCR amplification method
One colony of the strains grown on a TGY agar plate was picked-up with a sterile pipette tip and transferred it directly to a PCR reaction mixture (50 ll) comprising 50 pmol each of primers, 500 lM dNTPs, 5 ll of 10· PCR buffer and 1-2.5 units of various DNA polymerases, such as Taq (Takara), ExTaq (Takara), Blend Taq (Toyobo), Pwo (Roche), KOD-Plus (Toyobo), and Vent (New England Biolabs.) polymerases. The PCR reaction was performed with a PCT 200 thermocycler (MJ Research, Watertown, MA, USA) with the following program: 35 cycles of denaturation at 96°C for 0.5 min, primer annealing at 50-55°C for 0.5 min and extension at 72°C for 1 min. The fragment was purified with Qiaquick gel extraction kit (Qiagen, Valencia, CA, USA) and ligated with pT7Bule vector for sequencing.
To amplify genes coding consensus regions for a-subunit (nha1) of NHase(Co) and NHase(Fe), the primer pairs [19] 
, were used, respectively.
2.6. Cloning of whole oxd gene from Pseudomonas sp. K-9 by an inverse PCR and expression of the gene in E. coli Five micrograms of genomic DNA of Pseudomonas sp. K-9 was digested with BamHI and the digested DNA was electrophoresed through a 0.7% agarose gel. Appropriate fragments (2.5-3.0 kb), which expected to contain oxd gene based on the results of Southern hybridization with the PCR-amplified oxd gene as a probe, were extracted from gel and purified. The fragment was self-circularized as described by Sambrook et al. [14] . The PCR was performed in reactions (25 ll) containing 0.001-0.1 lg of circularized DNA, 50 pmol each of the primer InvR2
0 ], 500 lM dNTPs, 1· PCR buffer, and 2.5 units of Vent polymerase. The PCR reaction was 35 cycles of denaturation at 95°C for 0.5 min, primer annealing at 55°C for 0.5 min, and extension at 72°C for 6 min. The amplified band, extracted from an agarose gel, was ligated with pT7Blue vector and used for further sequencing. A 1.0-kb NdeI-HindIII fragment containing the whole oxd gene was PCR-amplified by Vent polymerase using the primers K9OxdKNde (5 0 -GCTCACA-TATGAATCTGCAATC-3 0 ; the restriction site is underlined) and K9OxdKHindR (5 0 -AGGGAAGCT-TTCAGGCGGGGCATACT-3 0 ) and the genomic DNA of Pseudomonas sp. K-9 as a template, then subjected to enzyme digestion with NdeI and HindIII.
The fragment was cloned into the same site of pRSETB to give pOxdKInt and the plasmid was used to transform E. coli BL21 Stare (DE3). A 1% aliquot of the overnight culture of E. coli BL21 Stare (DE3)/ pOxdKInt was added into 8 ml of LB medium containing 100 lg ml À1 of ampicillin in a test tube (18 · 170 mm) and incubated with shaking (200 rpm) at 37°C for 3-4 h. When the optical density at 610 nm of the medium reached 1.0, isopropyl b-D-thiogalactopyranoside (IPTG) was added as an inducer to a final concentration of 1 mM, and the culture was further incubated at 20°C for 60 h. The cells were harvested by centrifugation (3500g, 10 min) at appropriate intervals, suspended in 0.1 M potassium phosphate buffer (KPB, pH 7.0), and disrupted by ultrasonication as described [8] . The Oxd activity in a cell-free extract obtained by centrifugation (15,000g, 10 min) was measured according to our previous report [1, 7, 9, 11] . The electronic absorbance spectra of the cell-free extract were recorded on a JASCO V-530 spectrophotometer (JASCO, Tokyo, Japan).
Results
Screening for microorganisms carrying oxd genes by Southern hybridization
The existence of oxd genes among 14 aldoxime-or nitrile-degraders shown in Table 1 was examined by Southern hybridization with the oxd gene from R. erythropolis N-771 and Bacillus sp. OxB-1 as probes. It had been suggested that the strains had ''aldoximenitrile pathway'' by activity measurement [7] : i.e., the activities of Oxd and nitrile-degrading enzymes, NHase and Ami and/or Nit, were detected in the strains. By using R. erythropolis N-771oxd gene as a probe, the positive hybridization signals were found with the chromosomal DNA of six strains, i.e., R. erythropolis JCM 3201, Rhodococcus sp. NCIBM 11215, B. butanicum ATCC 21196, R. erythropolis BG 13, R. erythropolis BG 16, and Pseudomonas sp. K-9, in addition to control strains R. globerulus A-4 [10] and Rhodococcus sp. N-771 [11] , even after stringency washing of the hybridized membrane with 0.5· SSC containing 0.1% SDS at 68°C for 30 min. The result suggests that these strains have similar oxd gene to that of R. erythropolis N-771. The positive signals were seen mainly with the genome of the strains having NHase. Although various conditions for hybridization and stringency washing were examined, the other NHase-containing strains, R. rhodochrous NCIMB 11216, R. rhodochrous J-1 and Rhodococcus sp. YH3-3 did not show any hybridization signals with the Rhodococcus oxd gene despite the detection of Oxd activity in the strains [7] . The oxd gene of Bacillus sp. OxB-1 did not hybridize with the genome of any strains including ones having Nit used in this study under the examined conditions, suggesting that Bacillus oxd gene had low similarities with oxds of the strains tested.
PCR-based analysis of oxd genes
In order to know the genetic information of oxd identified in the strains, we amplified oxd gene from the strains by using PCR with degenerated consensus primers under various PCR conditions. The primers OxB4-S3 (5 0 -CAYGRHTAYTGGGGHKCRATGCGCGA-3 0 ) and OxB4-AS2 (5 0 -ACCGADACYTCRTGSYA) used were designed based on the conserved sequences among the known Oxds, H(G/E)YMG(S/A)MRE/D and HEVSV(F/S/L), respectively. A strong band of the expected size (450 bp) was seen on an agarose gel when Blend-Taq polymerase (Toyobo, Osaka) was used at an annealing temperature of 55°C. The PCR product was amplified from the eight strains including the control strains (Table 1) , all of which showed positive Southern hybridization signals with R. erythropolis N-771oxd gene. In addition, PCR product was also obtained from Bacillus sp. OxB-1 that has Oxd and Nit [1, 7] . As shown in Fig. 2 , the comparison of amino acid sequences deduced from the amplified genes from the 6 positive strains suggest the existence of similar (80.6% identities) Oxds in the strains to those linked with NHase(Fe) found in the control strains, R. globerulus A-4 [10] and R. erythropolis N-771 [11] . The primers are shown to be suitable for amplifying the oxd gene from the microorganisms having NHase(Fe). We have previously clarified that these strains had Oxd activities [7] but this study gave us genetic information of the enzymes for the first time. Under the conditions tested, no PCR product was obtained from the other strains except Bacillus sp. OxB-1 that has Oxd and Nit and/or NHase [1, 7] .
PCR amplification of genes coding for NHase
In order to confirm genetically the co-existence of NHase in the positive strains, genes coding for NHase-(Co) and NHase(Fe) were amplified by PCR with the primer pairs NHCo1/NHCo2 and NHFe1/NHFe2, respectively, which were designed based on the conserved sequences of a-subunit (nha1) of NHase(Co) (PDGYVE/AETRYM) and NHase(Fe) (VVAKAW/ DSMIGD), respectively, as reported by Duran et al. [19] . As shown in Table 1 and Fig. 3 , NHFe1/NHFe2 primers allowed the amplification of a 400-bp DNA fragment from the positive six strains and proteins encoded by the fragments showed similarities (63.7% identities) to the known NHases (Fe) from P. chlororaphis 
Rhodococcus erythropolis N-771
Bacillus sp. OxB-1
a ''A'' denotes activity measurement. Aldoxime dehydratase (Oxd), nitrile hydratase (NHase), and nitrilase (Nit) activities were measured in each strain by our previous study [7] . Prosthetic metal group of NHase was suggested by an enzyme purification or a gene analysis. An asterisk (*) indicates that the strain showed NHase activity but its metal group was not identified.
b ''H'' denotes Southern hybridization. Positive (+) and no (À) hybridization signals were seen by Southern hybridization with the genomic DNA of each strain by using oxd from R. erythropolis N-771 as a probe.
c ''P'' denotes PCR amplification. A plus (+) indicates that the estimated length of PCR product was amplified with primers OxB4-S3/OxB4-AS2. d ''P'' denotes PCR amplification. A plus (+) indicates that the estimated length of PCR product was amplified with primers NHFe1/NHFe2. e ''P'' denotes PCR amplification. A plus (+) indicates that the estimated length of PCR product was amplified with primers NHCo1/NHCo2. f NE -not examined. g The strains were used as control: Oxd, NHase and Nit of the strains had been isolated, characterized, and their genes were cloned and sequenced in our previous research [8] [9] [10] [11] .
B23 (accession no. D90216), Brevibacterium sp. R312 (B37806), and Acinetobacter sp. ADP1 (CR543861) including control strains, R. globerulus A-4 [10] and R. erythropolis N-771 (S04472). There is no report on a detection of NHase activity in Rhodococcus sp. NCIMB 11215, which shows Oxd and Nit activities [7] , but we could suggest here the occurrence of NHase(Fe) in the strain for the first time. No fragment was amplified with NHCo1/NHCo2 primers except NHase(Co)-containing R. rhodochrous J-1. We did not amplify Nit gene by PCR in this study since we could not identify consensus sequences among the reported Nits.
Cloning of whole oxd gene from Pseudomonas sp. K-9 by an inverse PCR and expression of the enzyme in E. coli
To show the effectiveness to identify oxd gene as a key enzyme of the ''aldoxime-nitrile pathway'', we cloned the whole oxd gene as a typical example from one of the positive strain, Pseudomonas sp. K-9, which had been isolated as a glutaronitrile-degrader [13] , by an inverse PCR approach [14] . The primers, InvR2 and InvF2, used were designed based on the identified oxd sequence of the strain by PCR, GYWGSMRDR and SVEKLERWTE, respectively (Fig. 2) . By sequencing the amplified fragment, whole oxd gene sequence of Pseudomonas sp. K-9 was identified. Fig. 4 shows the amino acid sequence similarities of a polypeptide encoded by the oxd gene with the known Oxds. It showed identity with the Oxds of P. chlororaphis B23 (OxdA) [20] , R. erythropolis N-771 (OxdRE) [11] , R. globerulus A-4 (OxdRG) [10] , and Bacillus sp. OxB-1 (OxdB) [8] at 90.3%, 76.9%, 76.0%, and 32.7%, respectively. The sequence data have been submitted to DDBJ/EMBL/GenBank databases under accession no. AB193508. A plasmid, pOxdKInt, was constructed to express the oxd gene in E. coli under the control of T7 promoter. The protein was expressed in E. coli BL21 Star (DE3)/ pOxdKInt as we did for OxdRE [11] . The cell-free extract of the recombinant strain had an absorbance maximum at 410 nm, a characteristic Soret band for Oxds [8] [9] [10] [11] , and exhibited a stoichiometric dehydration activity of Z-phenylacetaldoxime into phenylacetonitrile (320 U (lmol min À1 ) l À1 culture). Although further investigations on the detailed properties of OxdK are in progress, it is evidently clear that the enzyme is an Oxd having a new primary structure and we tentatively named it as OxdK.
Discussion
Here, we newly identified similar Oxd and NHase in the 6 microbial nitrile-or aldoxime-degraders. The PCR-based method shown in this study is quite useful for the rapid identification of Oxds from various microorganisms without isolating Oxd protein. Indeed, the newly identified OxdK has a new primary structure and the results encourage us to use this method to identify new types of Oxds from various microorganisms. We could not amplify Oxd genes from the strains having Nit and NHase(Co) probably because they might contain Oxd having low similarities with the known ones. Also, we [21] and the other group [22] recently reported primitive studies on elucidating reaction mechanisms of OxdB and OxdA, respectively, but the details of the mechanism have not yet been understood. Further studies on purification and gene cloning of Oxds from a variety of microorganisms would accumulate genetic and enzymatic information of the new types of Oxds and comparison of the characters of the Oxds may help to explain the mechanisms.
As reported by Duran et al. [19] and very recently by Novo et al. [23] , parts of NHases were amplified by PCR with primers designed based on homologies of NHase to show the existence of NHase(Fe) and NHase(Co) in some bacterial strains. By comparing the results shown in Figs. 2 and 3 , it is possible to say that the primary structure of Oxds is much similar each other (80.6% identity) than those of NHase(Fe) (63.7% identity) found among NHase(Fe)-containing strains. Thus, we claim that the genetic analysis of oxd gene becomes a much better tool to identify not only Oxd, but also NHase(Fe).
The direct cloning of genes from environmental DNA -the metagenome [24] has recently been paid much attentions to obtain enzymes having novel primary structures. Since enzymes comprising ''aldoxime-nitrile pathway'', i.e., Oxd, NHase, Nit, and Ami, have become potential catalysts in chemical industries [1, 2] , it is important to rapidly clone and identify genes of the pathway in nature including metagenomes. It would be advantageous to use Oxd as a key enzyme in the pathway, because Oxd locates at an upstream of the ''branched'' nitrile-degradation which is catalyzed by diverse enzymes, Nit, NHase(Fe), and NHase(Co). In practice, we have been focusing on Oxd and have shown that all the microorganisms having Oxd also had nitriledegrading enzymes and Oxd and the nitrile-degrading enzymes are linked genetically as well as enzymatically [1, [7] [8] [9] [10] [11] . In a separate experiment from this study, we sequenced flanking regions of oxd gene in the genome of Pseudomonas sp. K-9 and found that the oxd gene was clustered with genes coding NHase(Fe), Ami, and their   1  10  20  30  40  50  60  70  80  90  100  110  120  OxdRE MESAIGEHLQCPRTLTRRVPDTYTPPFPMWVGRADDALQQVVMGYLGVQFRDEDQRPAALQAMRDIVAGFDLPDGPAHHDLTHHIDNQGYENLIVVGYWKDVSSQHRWSTSTPIASWWESEDR -SLDHAAEHLGMMKKSFDLRTGPKHVDRALHQGADGYQDSIFLAYWDEPETFKSWVADPEVQKWWSGKKIDE   130  140  150  160  170  180  190  200  210  220  230  240  250  OxdRE  SDGLGFFREIVAPRAEQFETLYAFQED-LPGVGAVMDGISGEINEHGYWGSMRERFPISQTDWMQAS--GELRVIAGDPAVGGRVVVR- activators and regulatory proteins, as seen in NHase(Fe)-containing microorganisms, such as P. chlororaphis B23, R. erythropolis N-771, and R. globerulus A-4 (data not shown). Based on the results, we can conclude here that the PCR-based analysis of oxd gene is a useful tool to detect and analyze the ''aldoxime-nitrile pathway'' in nature because Oxd is important as a key enzyme. The structures of the ''aldoxime-nitrile pathway'' gene cluster in Pseudomonas sp. K-9 and the enzymatic properties of OxdK will be reported elsewhere.
